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Two SFR concepts

=9 Basic characteristics :
e /sogenerator core without cover (not a fast breeder reactor)
e /nnovative system to limit the problems due to the Na/H,O heat exchanger
gas, alternative fluid..)

Integrated

., IHX/Pump
Reactor essel
Pool reactor Loop reactor
EFR + simplifications + innovations + Vessel is smaller
inspections heat exchanger are out of the vessel

-> exchanger Na - N, or €O, or Pb-Bi or..)
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1000 MWe
Pool type

Modular S6
AREVA design

9cr
316 LN

SFR - Main components

Steam Generators, Heat Exchangers
280 - 525°C

ds, Compatibility

d Na - H,0O

9cCr
800H
316 LN

Life time
to design

30 =60 ans

All. Ni 316 LN
800H

Upper core struct| N/ alloys

517 h

Hot structures 550°C
Creep, Weld joint behavior
low irradiation

.if
%
a

Circuits - Pipes
350 - 550°¢C

Creep, fatigue,

creep-fatigue,

thermal fatigue,...

Aging
Welds

| Adv. Aust.

9cr
F/M ODS

Core
Sub-assemblies
400 - 650°C
Irradiation

Bottom core structures Vessel
I Exchangers, Pumps | 316 IN B 400°C | 316 LN
Cold structures 400° = .| No deformation
No deformation low irradiation T Negligeable creep
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Reguirements and Material choices
0 Requirements

&0 > Ageing temperature, duration, mechanical and thermal sollicitation
Mechanical behavior creep, fatigue, creep-fatigue, DBTT, toughness,..
60 years - Weldability and aging of welds
400 - 550°¢c «  Compatibility in different environment Na, H,0-vapor,
> Irradiation Core Cover Plug - Diagrid
Nominal conditions Mechanical behavior  embrittlement, ...
Transient conditions incidental and accidental

316 LN » Reduce Activation in circuits and components

905’;_/ Suppress all alloys with Co content  Coating, Valves, ...
-Az'- o/l - Limit use of Ni alloys (Ni & Co) Core components
ad Reduce impurities content in steels Co, Ni, ... Primary Circuits

O Feedback from Fast Breeder Reactors and previous R&D programs
> 316 L(N) Fe-17¢r-12Ni Mo 5i 0,02 ¢ 0,06 N 800 Fe-30 Ni-15CrTiAl
Good experience - Large R&D available 30 9 60 years
Good high temperature properties, welding

> Investigations of components from Fast Neutrons Reactors ..
Na leak = Modification in design or in materials Phe""f .
To obtain long term data 35 years for Phénix Superphénix

m==)> | R&D Program on Martensitic 9Cr steels
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Martensitic 9Cr steels applications

O Interest of FM Steels
€Sy > Thermal coefficient of conductivity
— > High thermal dilation coefficient
> Good mechanical properties at moderate temperatures
> Manufacturing cost

Q 9 ¢&r steels

Grade 91 Reference material
Fe 9Cr 0.1 C Grade 92, .. Creep improvment due to W, B additions “Be
1Mo(W) News alloys Sudy to develop new martensitic steels International
Si V Nb optimized for creep properties programs
. 2001 . - NN .
Q Mechanical pr Conaite fracture mechanic
Improvmentin toughness provoquant la e _ " ’— lded zone
100] oo —X s
D Agi”g / 4 Pt )V,Nb)
predict the 7\ (=36 h

”/1/10 1201

Optimis

316 IN Y Weldability . o
Ni alloys

j 400 - 550°c
les teneurs en Mo
n des teneurs en

Q Liguid and ma opemefd. Vapor

2,25Cr 1l

> impurity effe 40- 9Cr W C(rE >r pour les
iques
> Inspection of
0 : ' . zars
1940 1960 1980 2000
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Fatigue of 9Cr steels

—€

Ema}e \/ \/ t Aet: Emax
CH) Smi b :
550°c
S |
& Consolidation |
—:f: 100 : B O:X% 3103?‘ LN_ ~
9Cr<1Mo mod
0 o- Gini 107! ‘:6

3 4

Nombre de cycles a rupture, Nq

Aet=0.4% O

-100 - v0.7% v0.6% o .. 550)C
120 1% ¥ .\
) 1 Vv o‘
-140 H ®
T % v T T .—|
0 10 20 30 40

Cumulated plastic strain

Cyclic softening of T91 steel
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0 10 10 105 10 10

mns g

1pm

1000 cycles Ae=1%

10 h
O Coarsening of the microstructure = equiaxed

T
Initial microstructure

O Annihilation of Low-Angle Boundaries inside subgrains

Q Annihilation of dislocations

Enhanced modelling

Climb-assisted annihilation between
mobile dislocations and LAB dislocations
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Creep - fatigue

Holding time creep Creep tests
— Imonth == on T 91 162 900 h
In-service conditions § S0 90 e
Up to 60 years | A 2700
lweek -r— : ? 2 600;’/6'7044}’0
still runniy
AN ; iz
\ \ 0.0 0.5 108 1.0 10° 1.5 10° time (h)-
\N/
—— Several
1h Laboratory ks
. fest
Fatigue - Creep
S I
Is = mi\:;r;‘a Several days
3 I >
1 1
3% 1%

. 0.3% .
Strain range - Fatigue

Extrapolations of mechanical data up to 60 years
Extrapolations of the laboratory fatigue life data for
the prediction of very long term in service lifetimes

Understanding the mechanisms responsible for
aging, creep, fatigue, damage, fracture,..

—>
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Materials for SFR subassemblies

=9 Wrapper - Fuel pin Cladding materials
From Austenitic steels to ferritic-martensitic steels

O Austenitic steels

> Swelling and mechanical properties
> 15-15 Ti = Advanced Austenitic steels
o Limit of these steels for core applications

irradiation ﬂ

O Ferritic-martensitic steels e

> Martensitic 9Cr steels 9Cr-1Mo, 91, RAFM oo

Thermal creep  ® Only for wrapper application B
> Materials for cladding application

Oxide Dispersion Strenghtened steels

= Elaboration Weldability
= Properties before irradiation Mechanical properties

) ) .. Environmental behaviors
= Behavior under/after irradiation Charged particles irradiation

Nuclear Materials Department
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SFR - Cladding - Reguirements and material choice

Dose > 150 dpa Low deformation
Stress 100 MPa
——— Temperatures 400 - 650°C
8 - 10 years
| (%) Average Average 15/15Ti 0° Best lot of 15/15Ti
316 Ti \‘i o
N &~ Phénix
Cg Key "technological" issues

Swelling, Irradiation Creep

Formit ” ® Embrittlement under irradiation
‘erritic-martensitic (F/M) .

steels, ODS included Thermal creep, Mechanical prop.

— &~ dose (dpa) foughness, OB TT,
60 80 100 120 140 160 180 200 We/dab///fy

Behaviour in Na environment

. . . . 300
450 — Fuel C/ada?ng Chemical interaction Wj © 70100 cpa
400 650°C 650°C, 1080h == 9Cr-WMoVNb Steel Reppace_gglng 200 RS
—=%—0DS 12Y . —~
350 F 1 600°C, 17000h —— A957 (INCO) Phase Transfor'maflon g '>< 17%Cr
4 o e
o 51713001 Elaboration, .... 5 100 it  t
S | — S EI12%c:r SNV,
y m 0 17 Ferritic steel 13 - 18% Cr ot e N - A
[ L d 0
g 150 - 800°C, 14500h Marrens’r’c sree, 9% Cr diated Z*Z-“?-"x“'é;"' 'Z"
b adiate: AN
100 - 900°C, 1104h ODS nano-structured 2001 A ﬁ - ‘A“ RN
500 -ORNIL 1 1 L L L 1 L 1 L L L 40c 45c 50(: 55c T t

22000 24000 26000 28000 30000 32000 34000 36000

LMP T(K)[25 + log10t(h)]
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French program on ODS alloys for SFR application

Dose > 150 dpa Low deformation

Stress 100 MPa Phénix - Supernova, Matrix 1, 2 @ @

l PX1

e e DR O0RC High doses Irradiations
8 - 10 years BN600, Monju,...
' PHENIX
e w e " . Charged particles, JANNUS, HVEM.. 2 RREOER
Welding F;';hzgwf;s’g" Microstructure, o'Précipitation, .. v “/
" pRW Key "technological" issues A
Clad - Plug Swelling, Irradiation Creep

® Embrittlement under irradiation
\ Thermal creep, Mechanical prop.
Specific device in Na Weldability oughness, DB

Investigations in Reactors | —— popaviour in Na environment
Fuel Cladding Chemical interaction

1st ODS generation

Ferritic steel 13 - 18% Cr

Modelling Martensitic steel 9% Cr
ODS nano-structured

Elaboration tubes
Improvement in Fabrication route
New reinforced alloys
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Thermal ageing

characterizations °

Phenix / Reprocessing
ferritic steels Phase transformation
Elaboration, ....
Test in nitric acid

Virgin steel
irradiated samples
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ODS steels
CEA-EDF-AREVA program

C@J d "New" ODS steels developped by CEA

martensitic

ferritic

- Anisotropic

nano oxides - homogeneous

> Fe 9Cr 1W 0,3Mn 0,3 Si 0,2 Ni Ti Y,0; fine grains
> Fe 9Cr 2W 0,3Mn 0,3 Si 0,2 Ni Ti Y,0,

- Isotropic

- Easier to manufacture

- T < 750°C

- Corrosion resistance  Fuel, HNO; ?

Reprocessing

> Fe 14Cr IW 0,3Mn 0,3 Si 0,2 Ni Ti  Y,0,
> Fe 18Cr 1W 0,3Mn 0,3 Si 0,2 Ni Ti  Y,0,
> Fe 14Cr 2W Ti Y,0,

- Possible embrittlement under irradiation
- Difficult to manufacture - recrystallization difficult to control
- Better behavior expected concerning: - the fuel cladding chemical interaction

ATR National Scientific User Facility Users Week 2010

- the reprocessing of the fuel
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SFR R&D program on ODS steels
=0 400 - 650°c
—— 0 Challenge for SFR fuel cladding pins > 150 dpa

Low deformation under irradiation at high doses
= ODS steels Ferritic or Martensitic

> very fine & homogeneously nano oxides distribution
to expect reaching the target creep & irradiation resistances

> Mastering the industrial fabrication route of tubes

Weldability, Thermal creep, mechanical properties
anisotropy

> Controlling the microstructural evolutions and the degradation
of main using post irradiation properties

- Swelling, Irradiation creep
- auctility, toughness, Embrittlement, DBTT, ..
- Fuel Cladding Chemical Interaction
> Reprocessing
* Behavior in Nitric acid

. e - Nuclear Materials Department
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Fuel Subassembly
- Sodium Fast Reactor

Large deformationof
cladsand wrappers

zone
fissile

spacer wire

Bowing
[
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Irradiation creep - Swelling

Clad

CW316Ti L T T T[T T[T T [T T[T T[T [T T[T T T [T TTT
f‘-‘\\\: :3‘ e !QQ"!ZE“Q =
2| AQ@ TeC -1 600 :E i T :M2 316Ti 2
/ b P :M15 316TiP
i / « gk
15 ¥,/ "‘E‘ T 350 L h
- PV “ . n T
: Irradiation | - = . %r
) creep  4soo Pl e
\\ ] . g?ﬁlrr fﬁ" -
. x g e
0.5 \\‘.450 ; -
4 | - :
Swelllng [ e L e M e BT e L A P
b o 2 - s 10 12 14 18 18 20 22

0 : o
800 1000 1200 1400 18600 1800

DISTANCE FROM BOTTOM OF FUEL PIN (mm) S /¢t (104 dpa’’)

e/0 = By+aS/q¢
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Austenitic steels - Swelling

Swelling
G0 , 5w - SA 316
- ol 600°C
Phénix
linear
Dose
2o S (%) 0 1.0 2I0 3I0 40 50 6I
oo, (URSEUCHET  REETEIER! threshold phenomen
+ CW316Ti_| i period period
Phénix . ol ”A;c’é__l:i"ale s 46 dpa
/x i Temperature
e : [ o o Swelling peak
5
550°C 5 : :
i é ‘ Void Formation
1.4 ; nucleation- growth
0 . -/% ° Dose (dpa) 0 4(1)0 600

. ! 50lO .
w w W ow remeeratre £0) Incubation dose DI
Swelling rate S

. e - Nuclear Materials Department
ATR National Scientific User Facility Users Week 2010 Y de Carlan Ph. Dubuisson - 15



Swelling
Metallurgical state - Chemical composition

Microstructural
instability
precipitation Ni, Si
A A2y, 60 dpa
o P S =10%
s Vi
/7 e M ¢C / voids
+5 ) N .
2
,," /, \l \\ =
- / CW 316 I\ Sy = 204
4;”—“"’ | “SA316Ti
/\&Vﬁ@\\
-
Bottom
400 450
L R S=0%
SA316<SA316 TIKCW316<CW316Ti = =« . . . .
R e fine TiC / dislocations
°
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Swelling

— Chemical composition

450°C - 80 dpa
CW 316 Ti

Vi e
,JCW 1515 Ti Si_

TN

'

Y

fine and uniform
precipitation

fine and uniform
precipitation of phosphides ¢
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Effect of Swelling on Mechanical Properties

€S9

High swelling values

- Elonga
== 00

D
- o

.3

l_""l
tio

Test hmptmhm = 180°C

Uniform l\ong;h:pn
0 1 I Y J ; 1 1 1 |
0 £
6 10

Quasicleavage
Channel Fracture

6% : Total elongation = Uniform elongation

10% : Elongation = 0
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'f(;tél Allos'o'rb'ed

-

Energy e -l e
o chmz Test bamgerature « 180°C

400 < Tir, < 500 %C

1 by A i 1

Totol ohsorbed energy ,Eb , J/em®.

6 10
Impact properties/Toughness

decreases with swelling
Limit 6%
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Swelling of advanced austenitic steels

10

CH} | (%) Average Average 15/15Ti O° Best lot of 15/15Ti
316 Ti ] N
" Clads s U B

Improvment of swelling resistance
CW 316 2 W 316 Ti & CW 15-15Ti

6 3
. g
4. |
2f cwW 15-15 Ti Si
o-  dose (dpa)
60 80 100 120 140 160 180 200
15 /A\
AVIV 88 dba 7N Samples
SUPERNOVA % P e \\15-15 Ti low C
7
. 10 - d \
Large swelling of , \
CW 15-15 Ti low C a \
e Standard 15-15 Ti N
5 ) e ‘ e \
Pt \
Very good swelling resistance o LRSS ) T °C
of 15-25 TiNb P ChbLbt g-zo--=oym-g----- g---=- =kt
a0 MA 956 450 15-25 Ti Nb soo  MA 957 550

Equivalent to ODS steel - No swelling
[

. e - Nuclear Materials Department
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Ferritic - Martensitic steels - Swelling

BN
o

Average
316 Ti

Average 15/15Ti _° Best lot of 15/1 5+i

/

[ _ )
@ O oo

O

BB

S

e

Embrittiement limit

O B N W »~ O O N 0 ©

Ferritic-martensitic (F/M)
steels, ODS included

-

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
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Ferritic - Martensitic steels - Swelling

Swelling (%)

F o

= =F ‘\A___-——'A

s b Ve o b b s L e a s b a ol oy

La g o b oo

F17

. ® Emi12

5 & F17 o, “00°¢C

21t W éEmMi10

3

& 430°c

7 < */‘/ O
nm-g —‘?‘.—.ﬂ 460°c
0 ' ' : I0 - 1c|)o :

DISPLACEMENT DOSE (dpa)

380 <400 420 «4<40 <460 480 S00 S20 5«40 560 580 600

~ Temperature (°C)

316 Ti

Swelling at low temperature
Max < 400°C
EMIO <« EMIZ2 =~ F17
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Ferritic - Martensitic steels - Embritlement

S

€S9

Wr'appers DBTT
5amp/e$ 300 7; OC 70 _ 110 dpa v
| %@j +  Phenix irradiation o
o+
200 +
T ™., 17%Cr
M >< +
100 |
D12%c:r ot e
s N
o 96— = — — — iy s
- A M A Ap
*,_" Unirradiated - y NPVEA A A s
2 3: A A T °C 350__
. _10c [ 1 | \A } | | | | } | | | | } | | | | } | | | | “‘ 300
40C 45  50C  55C 60C .,
o . 200
Embrittlement increase
with %Cr
100
EM 10 Embrittlement 0|
Reference steel due to
L O 0 s i M PO B | e e e e
for Phénix wrapper | dislocation loops + fine precipitation 102" 1022 1022

martensitic 9Cr steel correlated with number density ™™ *™" (s p
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fuel pin cladding

ODS S feeIS - Dy Experimental rig

. Phénix
O Swelling Fe 13Cr 2Ti 1.5Mo 0.5Y,0; TiO, 81 dpa
> No diametral deformation first generation 400 - 580°C
> Only few voids observed at low temperature
O Mechanical properties
4 Elong. (%) High embrittlement induced by irradiation
g + Low temperature < boo°c
SR EEEE ' a’, loops and dissolution of oxides Hardening
‘_& Before irradiation  484°C - 76 O‘Higzg,ffsy
2L 3 EHIRTC Ui 0.4 0 dpa - 400°C
E Foo = 0.27%
i Y UE=TE » 0.3 63 dpa - 450°C
1F v o / oA Fuo = 0.23%
\ 4 ' 76 dpa - 484°C
i .\\ /’ 3 o 0.1 Flo = 0.19%
0 MM S S R f?:ﬁ‘k' '*‘k‘

-300 0 \ 300 ﬂ 600 900 halo of fine oxides around the b/ggesf oxides 0-0 20 40 60 80 100

Rupture diameter nm
Ductile "CIeavage"Ductlle Denuded loop bands localization of the deformation

[——> 2
=> Channel fracture
[——> 2

// tube axis Rupture // tube axis

During mechanical cutting
longitudinal rupture
Parallel to clad axis

- High temperature > 500°c = Dimples D ik
high density of x phases ductile rupture with a'/mp/eso
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ODS steels
[ Mechanical properties of irradiated MA 957 steel

&0
— Fe 14Cr 1Ti 0.3Mo 0.25Y,0,
12
samples 1o :
g = 20T .
test i
325°C 6 ]
4 _
BOR 60 ,
2
T MA 957
30 40 50
Dose (dpa)

> ductility after irradiation even at 42 dpa
in spite of a' precipitation

> Stability of oxides distribution (up to 5 dpa)
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Organization of the French SFR R&D Program

0 Generic R&D program in cooperation with AREVA and EDF
@ /> An attractive core with enhanced safety
. > Improved resistance to severe accidents
Materials ——> > Energy conversion systems to minimize sodium risks
\> Simplified and optimized plant and system design
- Economy, operability, ISI & R

O ASTRID development

Conceptual
design end
Innovcrl'ion = Technological I i i
Scoping sudes Building BaSICe;g§S|gn Fuel
i = Choice of . =
Stiidies ASTRCI)IIS:E;)gwer Decision I-oadlng
2 A
2006 2007 2008 2009 2000 2011 2082 _ 2013 2014 205 2016 2017 2018 2019
1hiu
Restart / ASIl’i
SFR Program fi glcvc’eg
. Bagkendon il
Materials SR ——
2 7y 7y 2 >
] Evaluate . Feasibility Position Report Start-up of core Start-up of MAs
different solutions Report on minor on minor manufacturing bearing fuels
actinides actinides workshop fabrication facility
partitioning partitioning and (AFC) (ALFA)
transmutation

Fielfatwiealinnfailities
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